originally isolated and maintained by coculture on a feeder layer of mitotically inactivated mouse embryo fibroblasts (Evans and Kaufman, 1981; Martin, 1981). The essential function of the fibroblast feeder layer is provision of the cytokine leukemia inhibitory factor (LIF). 
and therefore initially appears unlikely as a candidate selfpassaging in N2B27 medium plus LIF, we found that following an initial increase, the number of undifferentirenewal factor. However, we examined whether addition of BMP might contribute to an inhibition of differentation ated ES cells reached a plateau and then began to decline after 2-3 passages. This finding was reproduced in conjunction with costimulation by LIF. We found that the combination of LIF plus BMP4 (or BMP2) enhanced with several different ES cell lines. Many cells in these cultures had morphology of neural precursors or immaself-renewal, resulting in highly pure populations of undifferentiated ES cells after 2 or 3 passages in N2B27 ture neurons. and Oct4 with absence of markers of mesoderm (T) and gated. Single ES cells were transferred to 96-well plates in N2B27 with addition of LIF only or of LIF plus BMP4 neuroectoderm (Sox1) ( Figure 1C) . The N2 and B27 components improve viability but are ( Figure 2B ). A single colony that formed in the presence of LIF alone contained a high proportion of differentiated not essential for self-renewal. In basal medium supplemented only with transferrin, self-renewal and undiffercells and could not be expanded further. In contrast, undifferentiated colonies formed in 12/192 wells in LIF entiated ES cell expansion can be sustained for multiple passages by LIF plus BMP, but not by LIF alone. The plus BMP4 and 10 of these were amplified without serum (Table 1) . requirement for BMP is therefore not induced by a component in B27.
ES cells cultured in LIF plus BMP maintained a diploid chromosome complement after multiple generations. We tested the BMP relative growth and differentiation factor-6 (GDF-6) and found that it similarly supported They also retained differentiation potential. Withdrawal of both LIF and BMP resulted in neural differentiation. ES cell self-renewal in the presence of LIF ( Figure 1A) . This is not a general feature of the TGF-␤ superfamily, Removal of LIF with retention of BMP caused differentiation into sheets of flattened epithelial-like cells. Thus, however, but is restricted to BMP receptor ligands. TGF-␤1 had no discernible effect on ES cells, while acthe self-renewal response to BMP remains dependent on continuous LIF signaling. tivin increased viability and/or proliferation but did not suppress differentiation.
The definitive functional attribute of mouse ES cells is their capacity to re-enter embryonic development and contribute to the full repertoire of differentiated tissues Clonogenicity and Potency of ES Cells Cultured in LIF Plus BMP in chimeric mice. We injected GFP reporter ES cells into mouse blastocysts after propagation in N2B27 with LIF To test the efficiency of ES cell propagation supported by LIF plus BMP, we undertook electroporation and selecplus BMP for 3 weeks. Analysis at mid-gestation identified several chimeras with high ES cell contributions to tion of stable transfectants. Colonies stably expressing tauGFP were readily isolated ( Figure 2A ) and could be a range of tissues ( Figure 2C ). As a more rigorous test, we used ES cells transfected with taugfp and selected amplified into bulk cultures demonstrating the feasibility of using this serum-free system in genetic manipulaand expanded in LIF plus BMP. Liveborn chimeras were obtained and two male animals transmitted the ES cell tion protocols.
Self-renewal of isolated ES cells was then investigenome ( Figure 2D ). 
Derivation of ES Cells without Feeders or Serum
Increased phosphorylation of Smad1 in undifferentiated ES cells is apparent after BMP4 addition ( Figure 3B ). We investigated whether the response to BMP may be an adaptation of established ES cells to culture or is BMP stimulation also enhances the basal activation of p38 and, by one hour, of erk mitogen-activated protein manifest during the initial stages of ES cell derivation. We plated blastocysts in N2B27 supplemented with BMP kinases ( Figure 3B ). These data establish that undifferentiated ES cells plus LIF. After several days, expanded inner cell masses (ICMs) were dissociated and replated in the same culture possess the signal transduction machinery for responsiveness to BMP stimulation and furthermore that they conditions. In initial trials, ES cell colonies were not obtained following ICM dissociation after 5-6 days in may have the potential for autocrine stimulation via BMP4 and GDF production. A mechanism of cooperative transcriptional regula- Figure  4C) . Overexpression of the transgene appears to be cells. In adherent culture they produced mostly flattened epithelial-like cells with some fibroblasts. On aggregaassociated with a reduction in endogenous Id1 protein, implying operation of a feedback or autoregulatory loop.
tion they formed embryoid bodies with activation of me- We therefore investigated the potential expression of restored levels of endogenous Id1 ( Figure 4C ). fId1 and fId1C cells were plated at clonal density in N2B27 with two bHLH genes, mash1 and neurogenin2, in Oct4 selected ES cells. While neurogenin2 mRNA is not detect-LIF or LIF plus BMP. fId1 cells formed stem cell colonies efficiently in LIF alone but this ability was lost in fId1C able above background levels, mash1 mRNA appears relatively abundant ( Figure 5D ). We propose therefore cells which produced only differentiated cells in LIF without BMP ( Figure 5B) . In N2B27 alone, fId1 cells underwent that Id expression may be necessary to prevent continuous neural differentiation of ES cells triggered by preconon-neural differentiation, whereas fId1C cells behaved cious expression of mash1 and other pro-neural bHLH factors. Such action might also encompass non-bHLH partners such as Pax and Ets factors (Norton, 2000) .
Id proteins bind to ubiquitous HLH factors, the E proteins, with high affinity (Norton, 2000) . Overexpression of either will sequester and block activity of the other. To assess whether Id proteins may normally be required for ES cell propagation, we overexpressed the E47 protein by episomal supertransfection either alone or in cotransfection with Id1 or Id3. E47 singly or in cotransfection with empty vector yielded few, very small, sickly colonies ( Figure 5E ). In contrast, healthy ES cell colonies were generated from cotransfection of E47 and Id vectors. Cotransfectant colonies appeared indistinguishable in serum-containing medium from cells transfected with Id alone or with empty vector. This suggests that increased E47 is not intrinsically toxic but has a specific growth inhibitory action due to sequestration of Id. A certain level of free Id may by required for ES cell propagation as observed in other cell types (Norton, 2000) . When transferred to N2B27 without LIF or BMP, the cotransfectants underwent neural rather than non-neural differentiation, shown by activation of Sox1-GFP (Figure 5F ). Thus, E47 neutralizes the neural suppression effect of Id. This is consistent with the suggestion that Id acts to limit availability of E proteins for partnering with proneural bHLH factors. 
Nanog Can Bypass Requirements for BMP or Serum

